Land-use change can lead to changes in soil carbon (C) and nitrogen (N) storage. Th is study aimed to determine the impact of long-term grazing exclusion (GE) on soil organic C and total N (TN) storage in the Leymus chinensis grasslands of northern China and to estimate the dynamics of recovery after GE. We investigated the aboveground biomass and soil organic C and TN storage in six contiguous plots along a GE chronosequence comprising free grazing, 3-yr GE, 8-yr GE, 20-yr GE, 24-yr GE, and 28-yr GE. Grazing exclusion for two decades increased the soil C and N storage by 35.7 and 14.6%, respectively, in the 0-to 40-cm soil layer. Th e aboveground net primary productivity and soil C and N storage were the highest with 24-yr GE and the lowest with free grazing. Th e storage increased logarithmically with the duration of GE; after an initial rapid increase after the introduction of GE, the storage attained equilibrium after 20 yr. A logarithmic regression analysis revealed 86.8 and 87.1% variation in the soil C storage and 74.2 and 80.7% variation in the soil N storage in the 0-to 10-cm and 0-to 40-cm soil layers, respectively. Based on these results, we suggest that two decades of GE would restore the L. chinensis grasslands from being lightly degraded to a stable productive condition with good soil C and N storage capacity. Our results demonstrated that by implementing GE, the temperate grasslands of northern China could facilitate signifi cant C and N storage on decade scales in the context of mitigating global climate change.
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Storage and Dynamics of Carbon and Nitrogen in Soil after Grazing Exclusion in Leymus chinensis Grasslands of Northern China
L. Wu,* N. He, Y. Wang, and X. Han Chinese Academy of Sciences A nthropogenic CO 2 emission into the atmosphere plays a vital role in driving global climate change, which in turn aff ects the productivity and biogeochemical cycles of terrestrial ecosystems. Th e carbon (C) stored in terrestrial ecosystems is mainly distributed in soil organic matter (SOM) (Schimel, 1995; Burke et al., 1995) . Accumulation of C in the terrestrial biosphere could partially off set the eff ects of anthropogenic CO 2 emissions on the atmospheric CO 2 level. However, there is uncertainty regarding the size and global distribution of the pools and fl uxes of C in terrestrial pools, particularly in the soil (the largest C pool) (Houghton, 2003) . To assess the C sequestration potential of terrestrial ecosystems for mitigating global climate change, it is important to have a comprehensive database that contains spatially explicit information on C storage occurring under diff erent vegetation and ecosystem management strategies and to quantify the changes in C storage associated with diff erent ecosystem management strategies.
Land-use change is considered to have a signifi cant impact on the global C balance by profoundly altering the biota, land cover, and biogeochemical cycles (Houghton et al., 1999) . Many studies have demonstrated that changes in land-use and ecosystem management strategies infl uence the soil C storage in grasslands (Lugo and Brown, 1993; Post and Kwon, 2000; Guo and Giff ord, 2002; Murty et al., 2002; Soussana et al., 2004) . In a review of C sequestration studies, Conant et al. (2001) suggested that improved management increased soil C content and concentration, and the mean soil C concentration increased with all types of improvements, such as soil fertilization, promotion of native vegetation, and sowing of legumes and grasses. Because the C and nitrogen (N) cycles in soil are tightly coupled to each other, a change in one has a direct or indirect infl uence on the other. Th erefore, there is considerable concern that land-use change and its integrative eff ect can lead to alteration of soil C and N storage (Houghton et al., 1999; Baisden et al., 2002; Liu et al., 2005; Piñeiro et al., 2006; Zhou et al., 2006) .
Grasslands account for 40% of the land area in China. As a dominant form of landscape and an integral component of the Eurasian landmass, the grasslands of northern China play important roles in servicing the ecological environment and in the socio-economy of the region (Jiang, 1985; Chen and Wang, 2000) . However, many grasslands in northern China have undergone degradation or desertifi cation to some extent because of the rapid expansion of livestock since 1980 (Li, 1994; Tong et al., 2003; Dong and Zhang, 2005 ). An increase in soil C and N storage in the grasslands of northern China is anticipated in light of the heightened awareness of the Chinese government and the general public with regard to the ecological signifi cance of grassland ecosystems and implementation of measures aimed at encouraging grassland protection. Grazing exclusion (GE) is a common measure that is taken to protect grasslands in northern China.
Th e objectives of the study were (i) to assess the impact of GE on soil organic C (SOC) and N storage in the Leymus chinensis grasslands of northern China and (ii) to estimate the dynamics of recovery after GE. We measured the changes in SOC and N storage in L. chinensis grasslands along a GE chronosequence comprising free-grazing (FG), 3-yr GE (GE3), 8-yr GE (GE8), 20-yr GE (GE20), 24-yr GE (GE24), and 28-yr GE (GE28).
Materials and Methods

Study Sites
Our study was performed in a typical steppe ecosystem located in proximity to the Inner Mongolia (Nei Mongol) Grassland Ecosystem Research Station (IMGERS), Chinese Academy of Sciences, which lies between 43°26′N and 44°08′N and 116°04′ E and 117°05′ E and has an average elevation of 1200 m. For the period 1980 to 2006, the mean annual, minimum, and maximum air temperatures were 1.1°C, -20.8°C, and 16.4°C, respectively ( Fig. 1) . Th e average annual precipitation is 345 mm (70% rainfall occurring in June, July, and August). Th e soil is chestnut (i.e., Calcic kastanozems), which is equivalent to Calcic-orthic Aridisol in the US soil taxonomy classifi cation system. Th e vegetation of the region predominantly consists of grassland plants such as L. chinensis, Stipa grandis, Cleistogenes squarrosa, Agropyron michnoi, and Koeleria cristata. Th e L. chinensis community represents the most widely distributed grassland communities in the Eurasian steppe region, which is the largest contiguous grassland area in the world (Chen and Wang, 2000) .
Six experimental plots were selected based on the preexisting experimental plots of IMGERS; these included plots subjected to FG, GE3, GE8, GE20, GE24, and GE28. Plot FG had been exposed to long-term FG, with an estimated 65% of aboveground biomass consumed by livestock each year. Plot GE3 was established in 2004 by fencing 40 ha of a previously free-grazing grassland. Plots GE8, GE20, GE24, and GE28 were established in 1999, 1987, 1983, and 1979, respectively . Th e six experimental plots are contiguous, and some characteristics of these plots are described in Table 1 .
Sampling and Estimation
In early May 2006, we selected representative plots in the above-mentioned six sites and fenced the FG plots to exclude livestock grazing to measure the aboveground biomass. A fi eld sampling was conducted in mid-August in 2006, which is a typical period of peak aboveground biomass (Jiang, 1985) . In each site, 10 sampling quadrats measuring 1 × 1 m were established at 10-m intervals along a random transect. Th e aboveground biomass in these quadrats was clipped at the ground level; this quantity (measured in g m ) is considered to be approximately equal to the aboveground net primary productivity (ANPP) of the current year.
Soil samplings were conducted using a soil sampler (diameter, 4 cm), with 10 replicates for each site. Th e soil samples were collected from three layers at depths of 0 to 10 cm, 10 to 20 cm, and 20 to 40 cm. Th e samples were air-dried in a ventilation room, cleared of roots and organic debris, and ground for analyzing the SOC and .25d excellent 24-ha permanent plot fenced since 1979 † FG, free grazing; GE3, 3-yr grazing exclusion; GE8, 8-yr grazing exclusion; GE20, 20-yr grazing exclusion; GE24, 24-yr grazing exclusion; and GE28, 28-yr grazing exclusion. ‡ Values are represented as mean ± SE (n = 10). § Values followed by the same letters in the same columns are not signifi cantly diff erent at p < 0.05. TN concentrations. We measured the bulk density in the soil cores (volume, 100 cm 3 ) from the three layers, with three replicates for each site. Th e measurement of bulk density at diff erent depths allows us to estimate the mass of SOC and TN at each site.
Soil organic carbon (in %) was measured using a modifi ed Mebius method (Nelson and Sommers, 1982) . Briefl y, 0.5-g soil samples were digested with 5 mL of 1N K 2 Cr 2 O 7 and 10 mL of concentrated H 2 SO 4 at 180°C for 5 min, followed by titration of the digests with standardized FeSO 4 . Total soil N (TSN) (in %) was measured using the Kjeldahl digestion procedure (Gallaher et al., 1976) , and the NH 4 -N content was analyzed by the alkali method using a Tecator Kjeltec System 2300 distilling unit. Th e residual NH 4 -N was titrated with standardized H 2 SO 4 . Soil N was calculated as the diff erence between the Kjeldahl-N and the residual NH 4 -N.
We calculated the total SOC density (TSOC) and TSN on a ground area basis as follows: TSOC = 10,000 × D × P × TC × S TSN = 10,000 × D × P × TN × S where D, P, TC, TN, and S represent the soil thickness, bulk density, organic C concentration, total N concentration, and area, respectively, and 10,000 is the transfer coeffi cient.
Statistical Analysis
All data were expressed as mean ± SE. Analysis of variance was used to assess the eff ect of GE on SOC and TN. We used regression analyses to test the relationships between ANPP and SOC and TN. All statistical analyses were performed using the program SPSS version 10.0.
Results
Th e soil C storage varied markedly and signifi cantly among the six sites (p < 0.01, df = 5, one-way ANOVA). In the presence of GE, the C storage in the 0-to 40-cm soil layer increased in the range of 8.09 Mg C ha −1 to 21.89 Mg C ha −1 and was the highest in plot GE24 (Table 2) . Th e soil C storage in plot FG was signifi cantly lower than that in plots subjected to GE (p < 0.01). In the plots subjected to GE, the increase in C storage mainly occurred in the 0-to 10-cm soil layer, and the rate of increase varied from 12.1% (GE3) to 29.2% (GE24). Th e soil C storage at the surface increased logarithmically with the duration of GE (Fig.  2a) . In other words, the soil C storage initially increased rapidly with the introduction of GE and reached equilibrium after 20 yr.
Th e N storage in the 0-to 40-cm soil layer varied from 6.50 Mg N ha −1 in plot FG to 7.19 Mg N ha −1 in plot GE28, and it was signifi cantly greater in plots with GE than in those with FG (p < 0.05) ( Table 3) . Th ere was a strong logarithmic growth relationship between the N storage in the surface soil and the duration of GE. Logarithmic regression analysis re- 18.38 ± 0.44bc 30.48 ± 1.28bc 78.96 ± 2.34cd † FG, free grazing; GE3, 3-yr grazing exclusion; GE8, 8-yr grazing exclusion; GE20, 20-yr grazing exclusion; GE24, 24-yr grazing exclusion; and GE28, 28-yr grazing exclusion. ‡ Values are represented as mean ± SE (n = 10). § Values followed by the same letters in the same columns are not signifi cantly diff erent at p < 0.05. 
2.25 ± 0.06a ‡ § 1.74 ± 0.04a 2.49 ± 0.03a 6.48 ± 0.10a GE3 2.34 ± 0.03a 1.76 ± 0.03a 2.90 ± 0.06be 7.00 ± 0.09b GE8 2.32 ± 0.05a 1.70 ± 0.06a 3.17 ± 0.03c 7.20 ± 0.11bc GE20 2.56 ± 0.06b 1.75 ± 0.05a 2.74 ± 0.04bd 7.05 ± 0.10b GE24 2.53 ± 0.03b 1.90 ± 0.08b 2.75 ± 0.07de 7.18 ± 0.11bc GE28 2.43 ± 0.04c 1.79 ± 0.03ab 2.94 ± 0.11e 7.16 ± 0.15c † FG, free grazing; GE3, 3-yr grazing exclusion; GE8, 8-yr grazing exclusion; GE20, 20-yr grazing exclusion; GE24, 24-yr grazing exclusion; and GE28, 28-yr grazing exclusion. ‡ Values are represented as mean ± SE (n = 10). § Values designated by the same letters in the same columns are not signifi cantly diff erent at p < 0.05. vealed 74.1 and 80.9% variation in the 0-to 10-cm and 0-to 40-cm soil layers, respectively (Fig. 2b) .
Compared with FG, the other treatments resulted in a significant increase in the C/N ratio in the surface soil with an increase in the duration of GE (p < 0.01); the C/N ratio in the 0-to 40-cm soil increased from 9.46 for FG to 11.59 for GE24, and the increase in the C/N ratio was the greatest in the 0-to 10-cm layer (Fig. 3) . Moreover, the results showed that C storage in the surface soil increased logarithmically with increase in ANPP (Fig. 4a) . Grazing exclusion not only enhanced ANPP (Table 1) but also increased soil C storage. Likewise, the N storage in the surface soil increased logarithmically with an increase in ANPP (Fig. 4b) .
Discussion
Th e results suggest that SOC and TN storage declines significantly due to long-term heavy grazing, and the results of several studies are in agreement with this conclusion (Cui et al., 2005; Elmore and Asner, 2006) . Th e losses of soil C and N occur to some extent due to a decrease in plant organic matter inputs. Disruption of soil aggregate structure and surface soil crust due to stamping by livestock increases the decomposition of SOM and renders the soil susceptible to water and wind erosion (Belnap, 2003; Liu et al., 2004; Neff et al., 2005) . In temperate grasslands, considerable loss of SOC and N is caused by wind and water erosion, particularly in areas with sandy soil and high wind speed (Hiernaux et al., 1999; Liu and Tong, 2003; Liu et al., 2004) . Conant et al. (2001) reported that changes in grazing management and soil fertilization resulted in an annual increase of 2.9 and 2.2%, respectively, in SOC, whereas GE and permanent grasslands increased the soil C storage from 3 to 10%. However, Brye et al. (2002) reported that the restored prairie was not an immediate C sink. Our experimental results suggest that GE on two-decade scales, achieved by decreasing livestock consumption and stimulating plant growth, can increase the SOC and N by 35.7 and 14.6%, respectively, in the 0-to 40-cm soil layer in the grasslands of northern China and that the average annual rates of increase are 1.28 and 0.52% for C and N, respectively. Th e soil C and N storage showed an initial rapid increase with the introduction of GE and attained equilibrium after 20 yr.
Th e results match, a priori, our hypothesis that SOC and N storage increases steadily with the duration of GE. Th e pattern of increase shows a trend in that the soil C and N storage initially increased rapidly with the introduction of GE and attained equilibrium subsequently (Fig. 2a) . Moreover, some studies indicated that L. chinensis grasslands subjected to 20 yr of GE would attain a relatively stable condition from the viewpoints of productivity (Xiao et al., 1996; Li et al., 2002) and soil respiration (Li et al., 1998 (Li et al., , 2002 . Werth et al. (2005) suggested that the SOM stocks in grassland ecosystems in southwest Germany will remain stable for two decades. Burke et al. (1995) demonstrated that a 50-yr period is adequate for recovery of active SOM and nutrient availability, but the recovery of total SOM pools is a considerably slower process. Th erefore, we presume that two decades of GE will restore the L. chinensis grasslands from a state of light degradation to a stable condition from the viewpoints of productivity and SOC and N storage.
Th e accretion of C storage in soil over time is related to biomass production and decomposition, which in turn are related to weather patterns. Monthly and seasonal patterns of precipitation, particularly precipitation from January to July, are the primary climatic factor causing fl uctuations in the net aboveground pro- duction (Bai et al., 2004) . Based on a 24-yr study on L. chinensis grasslands subjected to GE, Bai et al. (2004) demonstrated that the grassland community was relatively stable in aboveground productivity because of a compensatory eff ect among species and plant functional groups. L. chinensis grasslands subjected to longterm GE attain stable C storage because increased soil respiration off sets the C input by primary production. Th e aboveground productivity was decreased to some extent (but not signifi cantly) by long-term GE (Bai et al., 2004) . Th is is because GE lowers soil temperature and decreases soil water availability due to the large amount of litter accumulating in the surface soil. Rainfall is less than 5 mm in 80.7% of rainfall events, accounting for 29.2% of the total precipitation in the region. However, soil respiration of L. chinensis grasslands increased to some extent as a result of GE (Li et al., 2002) . Eddy fl ux observations over a 4-yr period (2003) (2004) (2005) (2006) suggest that L. chinensis grasslands subjected to 20 yr of GE are a very weak C source. However, if the decomposition of litter were to be added to the total C budget, the ecosystem would be in neutral C balance, fi xing more C in a normal year and losing more C in a drought year (Hao et al., 2007) . Th erefore, soil C storage fl uctuates weakly after 20 yr of GE due to the diff erences in temperature and precipitation. Because the grasslands of northern China occupy a signifi cant portion of the Eurasian continent, land-use types that enhance or weaken the soil C storage of the region's grasslands could have signifi cant implications on the global C budget (Ojima et al., 1993) . Free grazing has been extensively practiced historically in the temperate grasslands of northern China. However, long-term heavy grazing has resulted in a decline in grassland productivity and in grassland degradation in an extensive area in northern China (Dong and Zhang, 2005) . In 1980, the C and N storage values in the 0-to 40-cm soil layer of L. chinensis grasslands were 68.92 Mg C ha −1 and 6.91 Mg N ha , respectively (Wang and Cai, 1988) . A comparison of the values obtained in 1980 with those obtained from FG in the present experiment shows that C storage deceased by 11.0% and N storage decreased by 6.2%. Th erefore, a large amount of C and N was lost in the past two decades considering that grassland was degraded in an extensive area in northern China. With regard to soil C storage, grasslands with the greatest potential for increasing soil C storage are those that have been depleted in the past by poor management (Jones and Donnelly, 2004) . Compared with the 1980 grassland, GE achieved by decreasing livestock consumption and stimulating plant growth can result in 20.7 and 3.9% increases in C and N storage, respectively, in the 0-to 40-cm soil layer in these grasslands.
Our results show that long-term FG has resulted in a decline in the soil C and N storage and that GE can increase the SOC and N storage in the L. chinensis grasslands of northern China. Th e storage increases logarithmically with the duration of GE; after an initial rapid increase following the introduction of GE, the storage attains equilibrium after 20 yr. Grazing exclusion for two decades would restore the L. chinensis grasslands from being lightly degraded to a stable productive condition with good soil C and N storage capacity. By implementing GE, the temperate grasslands of northern China could achieve signifi cant C and N storage on decade scales in the context of mitigating global climate change.
